INTRODUCTION
Open planar resonators like single and stacked microstrip resonators were used in the past for the measurement of dielectric constants and thicknesses of lossy and lossless dielectrics at microwave frequencies [1] [2] [3] . With a large width, the microstrip resonator effectively acts as a planar antenna in which case the fringing field is significant for the two slots at the two ends ofthe resonator and the resonator Q-factor is low. One ofthe limitations of the microstrip resonator is its spatial resolution which is determined by the size of the resonator. It is envisaged that this problern can be overcome by the use of planar slot resonators, Fig.l . Furthermore, compared to the microstrip-fed microstrip resonator, a microstrip-fed planar slot resonator would provide a better isolation between the feed and the material under test.
In this paper, we initially present the use ofthe microstrip-fed slot resonator for measuring dielectric constants of materials. The dielectric under test can be liquid or solid, but must have a flat surface. To measure the dielectric constant, the resonator is brought into contact with the dielectric surface and the shifts in its resonant frequency, bandwidth and input irnpedance at the feed, are used to determine the characteristics of the dielectric. Since changes in these parameters are also dependent on the thickness of the dielectric, experimental results are presented to show the effect of the dielectric thickness.
Like many NDE techniques, a precise determination of the complex permittivity of a dielectric with the planar slot resonator depends on the accuracy of the mathernatical modeling or experimental calibrations available for the interpretation of measurements. For this purpose, a general and accurate pseudo-numerical technique for the analysis of the slot resonator loaded with a dielectric is also presented. Theoretical results for an example planar slot resonator when applied to different dielectrics are given.
PLANARSLOT RESONATOR
The schematic diagram of the planar slot resonator fed by the microstrip line together with a simple equivalent circuit for this structure is given in Fig.l .a-b. As seen in Fig.l .a, the micrstrip line is coupled to the slot at its center. The length of the open-ended microstrip stub is chosen such that maximum coupling is achieved between the feeder and the slot at a particular frequency. Tobe compatible with standard detecting systems, the feed line impedance is designed to be 50 Ohm. At the fundamental resonant mode, the impedance of the resonator as measured at the center of the slot is very high ( about 400 Ohm) and is virtually equal to the radiation resistance ofthe slot [4] . As a result, a large mismatch would exist between the feed line and the resonator. By an appropriate choice of the length of the open-ended microstrip stub, the mismatch can be reduced to some extent, but a satisfactory mateh of the resonator to the feed line requires an extra matehing eireuit. However, as far as the dieleetrie measurement is eoneemed, a highly matehed system is not neeessary. As will be shown later, the matehing eondition is a funetion of the dieleetrie under test and is in fact monitored to eharacterize dieleetries.
To determine the permittivity of a dieleetrie, the planar slot resonator is pressed against the test specimen and the resonant frequeney and the refleetion eoefficient (whieh is directly related to the input impedance) are eompared against those ofthe unloaded resonator. The results are then translated into permittivity by means of a set of eurves obtained experimentally or theoretieally. The ehanges in the resonant frequeney are due to the interaetion of the electric field of the resonator with the material under test. Therefore, for an aceurate measurement, eare must be taken to keep the interacting field (near field) within the speeimen. In other words, the speeimen must have a sufficiently large thiekness. In Fig.2 , the result of an experiment earried out to determine the thiekness eriterion for perspex is shown. In this experiment, a slot resonator was diseretely loaded with perspex sheets, eaeh of 2 mm thiekness. As ean be seen in Fig.2 , for the particular resonator used, the resonant frequeney beeomes eonstant (tolerating an error of 0.6%) for thieknesses greater than 12 mm. This figureisnot universal and depends on the resonator dimensions and the dieleetric under test. As alluded in the previous paragraph, the inversion of the measurement data (the resonant frequency and return-loss) into complex permittivity can be accomplished using inversion curves obtained experimentally. However, this is appropriate and economical when there is a limited range of dielectrics. When a wide range of dielectrics is to be dealt with, acquiring the suitable dielectric specimens and repeating the experiments in order to set up the inversion curves can be very costly, time consuming and at times can be impossible. Therefore, the inversion should be based on theoretical data. This point was the impetus behind the development of the theoretical analysis technique outlined in the next section.
THEORETICAL MODELING
The dielectric loaded slot resonator shown in Fig.3 .a can be analyzed using different mathematical methods. In this work, the analysis is based on the spectral domain technique (STD) [5) . This technique is pseudo-numerical and, hence, very efficient computationally. The main assumptions used in order to be able to apply the SDT are as follows: the ground plane and the dielectrics extend to infinity in the x and y direction, the ground plane has negligible thickness (ie: there is no air gap between the resonator substrate and the dielectric under test) and the dielectric under test has an infinite thickness.
A detailed account of the STD applied to planar circuits can be found in [5] . In this work, initially the equivalence principle is invoked [4, 6] . The slot is replaced by a perfect conductor together with equal surface magnetic currents of opposite directions just above and below the conductor, Fig.3 .b. Since the widths of the slot and the microstrip line are small, only the x-directed electric current, 1x. along the microstrip line and the y-directed magnetic current, My. along the slot, are taken into account in the analysis. Considering these currents, ttie integral equations of the problern are
where Exm(X, y, 0) is the electric field at the microstrip interface, 1xs(x, y, d) is the electric current at the slot inte~e, Sm :W? Ss are the surfaces of the microstrip line and the slot respectively. In (1), Gxx and Gyx are lßl dyadic~een's function components due to a unit x-directed current at (xo, yo, 0), and Gxy and Gxy are the dyadic Green's function components due to a unit y-directed magnetic current at (xo, yo, d).
Using the two-dimensional Fourier transform with spectral parameters kx and ky. each of the Green's function components can be expressed in terms of its spectra. For example (2) '1/2-(k2 ß2)2 '1/2-(" k2 ß2)2 '1/2-(" k2 ß2)2
These are obtained by solving the wave equation in the Fourier domain subject to appropriate boundary conditions [3, 5, 6] .
The coupled integral equations in (1) can be solved using the method of moments [5] . Far from the slot, the electric current, ~ on the microstrip line can be assumed as a combination of the incident current, J~ and the reflected current, J~ef. The reflected current is related to the incident one through a reflection coefficient, R. Around the slot, the current distribution is a combination of the previous two currents and a perturbation current which can be approximated with a set of piece-wise sinusoidal basis functions, fn(x). Therefore, the current along the microstrip line can be written as
n=l The above expression is based on the assumption that J x does not change with y which is valid for a microstrip line with a small width. The magnetic current, My. along the slot can be approximated with a set of piece-wise sinusoidal basis functions, sm(y). In this case the current is expressed as M My= LEmsm(Y) (5) m=l Again, it is assumed that the slot width is very small and hence, My is not a function of x. In (4) and (5), In and Ern as weil as R (implicit in the reflected current) are unknown.
Substituting Ix and My in (1) and enforcing the boundary conditions that the electric field must be zero on the strip and the tangential magnetic field must be continuous at the two sides of the slots, the following integral equations result The eoupled equations in (6) are solved using the Galerkin method [5] . In this method of moments, the testing funetions are the same as the basis funetions, leading to a matrix
l[EmlJ (7) whose solution yields the unknown expansion coeffieients In. Em and R. In ( where '*' refers to sub-and super-scripts of the Green's funetion components stated in (3) and Fij(kx, ky) is the result of testing the basis funetions with the basis funetions in the Fourier domain. To evaluate the double integral in (8), it is transformed from kx-ky plane to polar plane u-ß using the well-know transformation
In the new plane, the integral appears as (10) where Cs is the path of integration. To ehoose a correet path, the two valued funetion Yi (i=1, 2, ~)in (3) and the location of the singularities must be taken into consideration. The singularities, whieh are the roots of Te and Tm in (10), represent the surface waves associated with the resonator substrate (layer 2 in Fig.3 ).
RESULTS
The modeling reported in the previous seetion was employed to analyze the behavior of a slot resonator when applied to different lossless (tanö3=0) dielectrie specimens. The resonator has the following speeifieations: 18=44 mm: w 8=3 mm, Wm=4.8 mm, lm=25 mm, d=1.59 mm and f1-2=2.2. For the eases analyzed, the results of the return losses, RL, at the feed lineare depieted in Fig.4 . Amongst these results are the experimental and theoretical values of RL of the unloaded resonator (1e: resonator in air). As can be seen, the theory can prediet the measurement very closely. Furthermore, Fig.4 shows that both the resonant frequeney and the matehing condition vary with the dielectrie constant of the material under test. The resonant frequeney tends to deerease with inereasing the dielectrie eonstant whereas the matehing condition is a more eomplex funetion of this parameter.
In Fig.5 , the effects of dielectrie Iosses on RL are shown for a partieular dielectrie (EJ-3=2) by inereasing its loss tangent (tanö) from zero. As can be seen in Fig.5 , smalllosses (tanö <0.2) do not perturb the resonant frequeney of the resonator signifieantly. In eontrast, the mismateh seems tobe sensitive to the Iosses and inereases with inereasing the Iasstangent. For large Iosses both the frequency and the return-loss are strongly affected. In all the above eases, the bandwidth increases by inereasing the dielectrie loss. Fig.4 The return-lasses of the resonator when applied to different lossless dieleetri es.
dielectric constant to the shift in the resonant frequency of the unloaded resonator and another curve is required to relate the return-lass to the Iass-tangent forapartiewar dielectric constant. From the first curve, the dielectric constant of the material is obtained and from the second curve appropriate for the dielectric constant found, the Iass-tangent is estimated. Example of such curves are shown in Figs.6.a and 6.b. lt should be emphasized again that these curves are appropriate for the characterization of dielectrics with very !arge (ideally infinitely !arge) thicknesses. When the thickness of the dielectric is not sufficiently !arge, the radiation resistance (Fig.l.b) is affected and the effect is reflected in the return-lass (RL), leading to a gross error in the determination of the Iass-tangent. For dielectrics with !arge lasses, the inversion is more complex and is currently under investigation.
CONCLUSIONS
The application of the microstrip-fed slot resonator for measuring the permittivities of dieleetri es was presented. lossy dielectric was developed. The technique can be used for the inversion of measurement data. This was demonstrated for low-loss dielectrics.
